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Introduction
It is generally accepted that the dominant source of jet noise is turbulence. As yet, there is no first-principle turbulence theory. Therefore, as a corollary, there is no first-principle jet noise theory.
In many branches of physical sciences, an alternative to first-principle theory is to follow a phenomenological approach. When following a phenomenological approach, an investigator will first perform extensive studies of multiple sets of experimental data. After many careful analysis and reasoning, the investigator extracts critical quantitative information and simple formulae about the phenomenon or processes. Over the years, this approach has played an important role in the development of physical sciences. The perfect gas law, Fourier's Law of heat conduction and Fick's Law of diffusion are but a few examples. In fluid mechanics and acoustics, the Navier-Stokes equation has been the starting point of numerous successful investigations. The Navier-Stokes equation was developed within the framework of fundamental conservation laws of mass, momentum and energy. However, we must recognize that this equation is applicable only to Newtonian fluid. The properties of Newtonian fluid are not derived from first principles, rather they are based on experimental observations beginning with Newton. They contain empirical constants. So, even though one would prefer first-principle theory, basic understanding and formulae derived phenomenologically should not be arbitrarily ignored or dismissed.
In this paper, we will review the two-source model of high-speed jet noise. One of the most significant results related to the two-source model is the discovery that jet noise spectrum is made up of two seemingly universal similarity spectra. The formulae of the two similarity spectra were developed by Tam et al. [1] through extensive comparisons with a large bank of jet noise spectra measured at the Jet Noise Laboratory of the NASA Langley Research Center. The dataset consisted of approximately 1900 supersonic jet noise spectra. Since the similarity spectra were identified, it has been found during the intervening years that they fit measured data not only for supersonic jets regardless of Mach number and temperature but also jet noise spectra well outside the original database including subsonic jets, military jets, rockets, non-axisymmetric jets and even infrasound radiation from volcanoes. Details of some of these comparisons are discussed in this paper.
Instability, turbulence and similarity
In this section, we report briefly the results of experimental observations on the dynamics and flow structures in the turbulent plume of high-speed jets. The noise generation mechanisms of different turbulence components as well as their radiated noise spectra are presented and discussed below.
(a) From instability to turbulence
Jet flow is subjected to Kelvin-Helmholtz instability. Instability is an important mechanism that converts mean flow energy to unsteady fluid motion in a jet. The amplitudes of instability waves grow as they propagate downstream. When the amplitude of a wave becomes large, it becomes nonlinear. Subsequently, the nonlinear waves form large turbulent structures and the flow becomes turbulent. Figure 1 shows the evolution of the mixing processes in a shear layer from instability wave to turbulence. Turbulent flow in high-speed jets, according to numerous experimental observations beginning with the work of Crow & Champagne [2] and Brown & Roshko [3] , consists of large turbulent structures and fine-scale turbulence (figure 1). The large turbulence structures are quasi-coherent and quasi-orderly, whereas fine-scale turbulence is random and chaotic.
(b) Acoustic radiation generated by instability waves
Early investigators, for example Mollo-Christensen [4] , Tam [5] , Trout & Mclaughin [6] and Tam & Burton [7] , had suggested that instability waves could be a source of jet noise. Because of page limitation, only pertinent references and a very brief discussion of the phenomenon are provided here. In [5] , a simple vortex sheet jet model was used to show that the source of Mach wave radiation shown in figure 2a was the Kelvin-Helmholtz instability waves of the jet flow.
In Tam's model and analysis [5] , it was assumed that the spatial waves were excited by localized forcing at the nozzle exit. The analytical solution gives a pressure field pattern confined to a triangular region exactly as shown in figure 2a . Figure 2b shows a comparison of the predicted wave angle, φ, and experimental measurements. There is good agreement. The experiment of Troutt & Mclaughin [6] is another investigation that offers firm evidence of noise radiation from a jet due to flow instability. In the work of Tam & Burton [7] , the near pressure field contours of a supersonic Mach 2.1 jet at Strouhal numbers 0.2 and 0.4 were computed using the method of matched asymptotic expansions. Good agreements were found when comparing with the measurements of Troutt & Mclaughlin ( figure 3 ). Thus, these investigations provide further confirmation that instability waves are a source of jet noise.
(c) Jet noise generation mechanisms
It becomes clear after looking at figure 1 that in the turbulent shear layer of a jet, turbulence consists of two dominant components. They are the quasi-coherent and quasi-orderly large turbulence structures and the random and chaotic fine-scale turbulence. Both turbulence components generate noise but in vastly different ways.
Tam & Auriault [8] proposed a mechanism by which the random motion of fine-scale turbulence generates noise. The idea is based on an analogy with the pressure field generated by random motion of gas molecules in gas kinetic theory. Fine-scale turbulence consists of blobs of vortices or similar flow structures convected by the mean flow but moving randomly relative to each other (figure 4a). Their random motion is similar to that of gas molecules in a fluid. According to gas kinetic theory, the random motion creates a pressure field in the macroscopic scale. The same reasoning can be applied to the random motion of blobs of fine-scale turbulence. The pressure field created by the fine-scale turbulence is fairly localized. The time fluctuations of the pressure field leads to acoustic radiation. The directivity of radiation is nearly isotropic, but slightly biased in the flow direction because of the well-known source convection effect. Thus, fine-scale turbulence noise is generated by volume sources in the jet mixing layer.
In [7, 9] , the turbulent large structures are perceived to have their pressure field extended outside the jet flow. This near pressure field acts like a moving wavy wall as shown in figure 4b. It is well known that in a compressible fluid, a supersonically moving wavy wall will lead to Mach wave radiation. The radiation is quite directional, concentrated in the downstream direction. But the equivalent wavy wall is not perfectly regular. The variations in the amplitude and size of individual large structure lead to a spectrum of moving waves with different velocities and intensities. This results in a spread of the direction of radiation and frequency. The intensity of Mach wave radiation depends greatly on the speed of the large turbulence structures. For subsonic jets, the convection velocities of the large structures are subsonic. However, because of an amplitude variation mechanism (discussed in details in [9] ) the large turbulence structures of subsonic jets can still generate Mach wave radiation.
The above considerations suggest that the combined radiation pattern from the two dominant jet noise sources are as shown in figure 5 . The noise of fine-scale turbulence is nearly isotropic. It dominates in the upstream and sideline directions of the jet. The large turbulence structures radiate Mach waves primarily in a conical region downstream. Within the Mach wave radiation cone, the noise from the large turbulence structures overwhelms that of fine-scale turbulence. This makes the noise radiated to the conical region distinctly different. It is to be noted that between the sideline direction and the Mach wave radiation cone is a transition region (around 110°-130°i nlet angle) where both noise components are important.
(d) Similarity spectra of jet noise
Experimentally, it has been found [10] [11] [12] that jet flows issued from a round nozzle have two selfsimilar regions. The first region is the triangular region surrounding the core of the jet (figure 6a). The second region starts slightly downstream of the jet core and extends to the far flow field downstream. In these two regions, the mean flow as well as the turbulence fluctuations exhibit self-similarity. Theoretically, the reason that the flow is self-similar is that in the first region, there is no intrinsic length and time scales. This forces the flow to become self-similar. For the second region, way downstream, the distance to the nozzle exit is much longer than the diameter of the jet. Thus, the jet flow can be regarded as emitted from a point source. This means that the nozzle diameter is not a sensitive parameter. For this reason, there are again seemingly no length and time scales. This makes the flow in the far downstream region self-similar. Now if one goes upstream from this point all the way up to near the end of the jet core, one expects the similarity of the flow to persist to a large extent. This is the basis why there is a second self-similar region in figure 6a .
In the self-similar regions of the jet, both the mean flow and turbulence fluctuations are selfsimilar. The existence of two self-similar regions in a jet flow, strongly suggests the possibility that the noise radiated by the jet could have two similarity spectra. This was one of the factors that motivated Tam et al. [1] to examine the large set of jet noise spectra in the data bank at NASA Langley Research Center. They were able to identify two such spectra. They are shown in figure 6b . The broad spectrum is the spectrum that fits all the measured noise spectra in the upstream and sideline directions. Based on the discussion above, it is identified as the fine-scale turbulence similarity spectrum. The peaky spectrum fits all measured data inside the conical region in the downstream direction. It is, therefore, identified as the similarity spectrum of the large turbulence structures. Figure 6b is a SPL (in dB) versus log(f /f p ) plot. This choice is designed so that the spectral shape is the same independent of f p , the frequency at the peak of the spectrum. To compare a similarity spectrum with an experimental spectrum, it is only necessary to align the peaks of the two spectra. Once this is done, the two spectra will fall on top of each other. Figure 7 is a demonstration of how well the two similarity spectra fit experimental data. Three Mach numbers, subsonic, transonic and supersonic, are chosen for comparisons. In the transition region, 110°-130°, both similarity spectra are needed to make a neat fit to the measured data.
Overall, the comparisons are good. The supersonic data are from [1] . The transonic and subsonic data are from Viswanathan [13] (see also [14] ). The agreement is uniformly good when the jet operating condition is within the database, namely, temperature ratio ranges from 1.0 to 4.9, Mach number ranges from 1.0 to 2.0. In a later section, it will be shown that the similarity spectra fit jet noise data well outside this limited parameter space.
Other experimental evidence in support of the two-source model
Experimental evidence offering further support to the two-source model were provided in a paper by Tam et al. [9] . The relevant data falls into three categories. They are (a) single far-field microphone directivity data, (b) two far-field microphone correlation data and (c) density fluctuations of jet flow and far-field sound pressure correlation.
Extensive single microphone directivity data from far-field noise were processed in [9] . They include variations of OASPL, peak Strouhal number, velocity exponent of jet noise intensity with respect to inlet angle. They all show a distinct difference between the directivity of noise radiation in the upstream and sideline directions and that inside a conical downstream direction. Here, again, because of paper length constraint, we will only be able to briefly consider the variation of velocity exponent of jet noise intensity with direction of radiation. In [9] , by means of dimensional analysis and the assumption of power function dependence on jet exhaust velocity, the following formula for the noise intensity I(r,θ) was derived:
where I is the noise intensity measured at a distance r from the nozzle exit. p ∞ and a ∞ are the ambient pressure and speed of sound, respectively. u j and D j are the jet exit velocity and diameter, respectively. A is a constant. Both n, the velocity exponent, and A are dependent on θ , the inlet angle and T r /T ∞ , the temperature ratio. Tam et al. [9] found with T r /T ∞ fixed at 2.7, the variation of n and A are as shown in figure 8a,b. It is clear from these two figures that there are two directivities, one for θ less than approximately 110°and the other greater than 110°. Evidently, there must be two types of noise sources in the jet. Each source has its own noise radiation characteristics. If, indeed, the two main sources of high-speed jet noise are the fine-scale turbulence and the large turbulence structures of the jet flow, then it follows that the radiated noise must have similar characteristics as its source. Since fine-scale turbulence is random and chaotic, it must then be true that its noise is random and chaotic. That is, there is little correlation. On the other hand, large turbulence structures are quasi-coherent and quasi-orderly, it must then be true that its radiated noise has this same characteristics. This means that the noise has measurable spacetime correlation. So it is possible to distinguish these two noise components by using two-point correlation. Tam et al. [9] reported the results of an experiment measuring the far-field noise of a Mach 0.9 jet by an array of microphones in a circular arc at 10°intervals. The correlation functions of the noise of adjacent microphones were computed. It was found that there was significant correlation for microphones inside the Mach wave radiation cone. But for microphones outside there was little correlation. These results are important in that they not only support the twosource noise model, but they also confirm the understanding that one source is coherent and the other is random.
Ever since the beginning of jet noise research, a number of attempts have been made to correlate directly the turbulence in the jet and the radiated noise. Unfortunately, all such attempts ended in failure because the probes inserted into the jet for turbulence measurements created additional disturbances until the work of Panda [15] . Panda employed a Rayleigh scattering laser diagnostic technique to measure the density fluctuations inside a turbulent jet and correlated the signal with far-field microphone pressure measurements. Figure 9 shows a plot of the directivity of normalized ρ , p max correlation for three jets at Mach 1.8, 1.4 and 0.95. There is practically zero correlation for inlet angle less than 110°. However, for angles greater than 130°there is significant correlation. The data again confirm the existence of two noise sources: one random and chaotic and the other fairly coherent and orderly.
Military jets, rockets and volcanoes
So far in this review, only laboratory model jet noise data have been used. A most pertinent question is whether spectrum shape and power-law formulae developed using model jet data are also applicable to full-scale jets. In the literature, commercial jet engine noise data are not available because of proprietary issues. Recently, there is a renewed interest in military jet noise (e.g. [16] [17] [18] ). We will test the above question by applying the similarity spectra to the noise of military jets, rockets and volcanoes. By design, military jets operate at highly imperfectly expanded conditions. Thus, the jet plume contains a strong shock cell structure. The temperature ratio could be around seven when compared with generally less than three for laboratory jets. The jet exhaust velocity is higher than 850 m s −1 . This far exceeds that of laboratory jets. In the study of Tam et al. [18] , the noise from a F-18E Super Hornet was analysed. Figure 10a (from [18] ) shows a comparison of measured noise spectrum at 54°inlet angle and the fine-scale turbulence similarity noise spectrum when the jet was operating at intermediate power. Figure 10b is a similar comparison for noise radiated to 135°inlet angle. It is clear from these figures that the two similarity spectra are good fits to the measured data. It is so in spite of the large differences between a Super Hornet and the much smaller laboratory jets; the data from them form the basis of the similarity spectra.
When a military jet is operating at afterburner condition, a row of strong shock cells develops in the jet plume. This leads to the radiation of broadband shock cell noise in the forward direction. However, the half width of broadband shock cell noise spectrum is very narrow. Hence in the upstream direction, the spectrum shows a narrow shock cell noise peak superposing on a broad fine-scale noise spectrum. Measured noise spectra [18] also indicate the possible existence of additional noise components. At this time, however, it is not possible to discern whether they are turbomachinery noise or jet flow-related noise. Rocket nozzles are much larger than those of military jets. Rockets operate at a temperature ratio of 20 and higher. So in terms of plume temperature and exhaust velocity, those of rockets far exceed those of military jets. In a more recent paper by Tam et al. [19] , they reported comparisons of the noise spectra of rockets and the similarity spectra. The data in figure 11a,b are from Kenny et al. [20] . The noise is that of a five-segment reusable solid rocket measured at static firing. Figure 11a is for noise radiated at 90°direction. There is reasonably good agreement with the finescale turbulence similarity spectrum considering that the test facility is not ideal for acoustics. Figure 11b is a noise spectrum radiated to inlet angle 134°. As shown in this figure, overall, it agrees with the large turbulence structures similarity spectrum. Figure 12 is a comparison of the measurements of Gee et al. [21] and the large turbulent structures similarity spectrum. The noise is from a GEM-60 rocket motor using solid propellant. There are four spectra clustering together except at high frequencies. The dashed curve is the similarity spectrum. There is excellent agreement with measured spectra.
For rocket noise, a diligent study of the limited noise data available in the open literature does not reveal the presence of any additional dominant noise components. The situation may, nevertheless, change in the future. In [19] , broadband shock cell noise was expected to be observable at low burn operating condition. However, after a careful search, it was not found in all the measured spectra. It was believed that turbulent mixing noise could be so dominant that broadband shock cell noise was totally buried beneath it.
The plumes of volcanic eruptions are unquestionably the largest jets in the world. The diameter of a volcanic crater could be in hundreds of metres. By contrast, most laboratory jet has a diameter of about 5 cm or less. The diameter ratio is of three orders of magnitude. Volcanic plume is not a gaseous jet. It is laden with ash and occasionally very tiny rocks. Because of its large diameter, recorded volcanic rumble is in the infrasound range (lower than 20 Hz, the limit of human hearing). Matoza et al. [22, 23] Data are from [22, 23] .
result is shown in figure 13a . The broken line is the background noise spectrum prior to eruption. Another example is the Tugurahua eruption on 6 February 2008. This is shown in figure 13b . The agreement is good considering the fact that the temperature, the size, the exhaust velocity and [19] .
the materials of volcanic plume are so different from those of laboratory jets. Needless to say, the result is amazing. Even more so if one realizes that the operating conditions of volcanic plumes are way, way outside the database of the similarity spectra.
Further consideration of the similarity spectra
So far, only far-field noise has been considered. Recently whether the similarity spectra could match near-field high-speed jet noise spectra was investigated. Earlier, Greska et al. [24] measured the near-field noise spectra of supersonic jets systematically on a grid. Unfortunately, they did not make all their data available. They only published those spectra that were in directions of maximum radiation. Nevertheless, in a recent paper, Tam et al. [19] used Greska et al.'s data for comparisons with the similarity spectra. They found good match except in the frequency range where there are data quality issues.
Tam et al. [19] investigated the near noise field of a solid propellant rocket. In the far field, the noise is specified by a single variable, namely the direction of radiation since the sound pressure level may be assumed to be inversely proportional to the distance from the jet exit. In the near field, the location of a measurement point requires the specification of two variables. They are the downstream distance from the nozzle exit, x, and the lateral distance from the jet centre line, r. Tam et al. found that outside the hydrodynamic region of the plume flow, the noise spectra match well with the similarity spectra. Figure 14a shows the comparison of the spectrum measured at x/D = 12.1 and r/D = 8.86 at low burn condition (D is the exit diameter of the nozzle) and the fine-scale similarity spectrum. Figure 14b is a comparison of the measured spectrum at x/D = 25.5, r/D = 8.62 and the large turbulence structures similarity spectrum. Notice that the low-frequency part of the measured noise spectrum at x/D = 25.5 was contaminated by the hydrodynamic field of the jet flow. The measurement point appears to be located just outside the rocket plume.
In their work, Tam et al. [19] found that the near field is to be divided into three regions. They consist of a region where the noise is dominated by that of the fine-scale turbulence noise (closest to the nozzle exit), a region where the noise is a mix of fine-scale turbulence noise and large turbulence structures noise (this region is downstream of the fine-scale turbulence noise region) and a third region where the noise is dominated by the large turbulence structures noise (furthest downstream). They attempted to develop a spatial map for the three regions. But the effort must be regarded as preliminary.
Finally, it is worthwhile to point out that in the literature, there are investigations devoted to the study of noise of jets not issued from a simple round nozzle. All these investigations, invariably, used the two similarity spectra as their jet noise source diagnostic tool. For example, Tam [25] and Tam & Zaman [26] studied the noise of jets from non-axisymmetric nozzles. They included nozzle with taps/chevron, rectangular, elliptic and I shape. Laffay et al. [27] analysed the noise spectra from multiple merged jets. Araki et al. [28] investigated the noise of a jet from a hypersonic rectangular nozzle. All these studies found success in fitting the two similarity spectra to experimental measurements. In this way, they were able to assure that large turbulence structures and fine-scale turbulence of their jet flow are the dominant sources of noise.
Summary and conclusion
What are the sources of jet noise has been a point of contention for nearly 70 years. In this paper, evidence in support of the two-source model for jet turbulent mixing noise is reviewed. The basis of the model is the experimental observations that turbulence in jets consists of large turbulence structures and fine-scale turbulence. The former is quasi-coherent and quasi-orderly and the later is random and chaotic. The radiated noise has similar characteristics. They can, therefore, be distinguished by correlation measurements. The noise generation mechanisms and radiation characteristics of the two sources are also very different. Large turbulence structures radiate noise in the form of Mach waves. Within the Mach wave radiation cone, it is the dominant noise component. Fine-scale turbulence may be conceived as blobs of small organized vortices or similar structures moving in random directions. They create fairly localized noise sources and radiate sound nearly isotropically. The two noise components can, therefore, be distinguished by directivity measurements. Experimentally, it had been found that each of the two noise components processes a distinct noise spectrum shape. Furthermore, it has been shown that they have self-similar property. In recent years, the two similarity spectra have been found to fit noise spectra not only from model laboratory jets but also those from military jets, rocket plumes and even volcanic eruptions. Hence, the two-source model of jet noise is valid irrespective of jet temperature, exhaust velocity and size.
Over the years, there have been thoughts and considerations to extend the two-source model to noise intensity scaling. The ideas are motivated by the success of the power law. However, the effort has been hampered by the lack of high temperature, high exhaust velocity jet noise data. It is hope that the situation would change in the near future. Should such a change comes about, it would allow the development of noise intensity prediction capability for each of the two noise components.
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